Sweating rates from heat-stressed dairy cows and beef heifers were measured using a "Portable Calorimeter" and a "Bovine Evaporation Meter" designed and 
deaths and performance losses in the amount of $28 million (Smiley, 1996 , as cited in Nienaber et al., 2003 .
Sweating and panting are two of the primary autonomic responses exhibited by animals under heat stress. Sweating leads to evaporative heat loss from the skin surface, whereas in panting, sensible heat is used to heat the water vapor and remove heat in the form of vaporized moisture from the lungs.
At high temperatures, evaporative cooling is the dominant mode of heat loss in dairy cattle (Gebremedhin and Wu, 2001 ). This mechanism is affected by wind velocity, air temperature, relative humidity, and thermal and solar radiation. Other factors that affect the efficacy of evaporative cooling from the skin surface are fur or hair-coat physical and optical properties. Hair-coat density and thickness, hair length and color, and skin color are also factors that influence evaporative cooling. Some of these properties, such as hair and skin color, may enhance solar absorption and thus increase heat load on the skin surface.
Data on moisture production from dairy and feedlot cows available in the literature are primarily based on studies made in the late 1950s (Yeck and Stewart, 1959) . The data need to be updated to reflect present-day high-producing cows and nutritional changes. This study is intended to update the existing data on evaporation rates, and determine the influence of hair-coat color on sweating rates of dairy and feedlot cows exposed to stressful (hot and dry, and hot and humid) environments.
OBJECTIVES
The specific objectives of this study were: 1. To update the data on sweating rates and compare the rates for different breeds of dairy cows and beef heifers I exposed to stressful (hot and dry, and hot and humid) environments. 2. To determine the level of influence of environmental conditions (air temperature, relative humidity, solar load, and air velocity) and hair-coat color on sweating rate. 3. To determine how other heat stress indicators, such as skin temperature and body (rectal) temperature, are affected by stressful thermal environments.
LITERATURE REVIEW
Respiration rate and rectal temperature are easily measurable indicators of heat stress of dairy cows or beef heifers. Stowell (2000) suggested that a respiration rate of 80 to 90Ăbreaths/min was a clear indication of a cow experiencing heat stress. Armstrong (1994) devised a stress chart for cows as a function of ambient temperature and relative humidity. He suggested five stress-level categories, which are functions of temperature and relative humidity. The five categories are: (1) no stress, (2) mild stress, (3) distressed, (4) severe stress, and (5) fatal conditions. These stress-level ranges do not account for effects of hair coat physical and optical properties, convective cooling due to wind or breed variations, and solar radiation load.
Sweating rate of cattle is difficult to measure. An extensive literature review (table 1) demonstrates the difficulty of comparing measured data because of incompatibility of the measurement methods used and the environmental conditions under which the data were collected.
In a study of the effect of hair color on thermoregulation, Hillman et al. (2001a) reported that when black Holstein cows were exposed to direct sunlight, their surface temperature increased by 4.8°C, and by 0.7°C for white cows. The difference in temperature between black and white is because of the higher solar absorptivity by black than white. They also reported that rectal temperature increased at a rate of 0.7°C/h for black cows and 0.3°C/h for white cows. Hillman et al. (2001a) also conducted preliminary measurements of sweating rates of dairy cows and reported that black cows have higher evaporative heat loss (800 W/m 2 ) than their white counterparts (500 W/m 2 ). The study concluded that providing shade is crucial to shield cows from direct solar radiation.
Da Silva et al. (2003) investigated radiative properties of the skin and hair coat of various breeds of cattle with respect to shortwave radiation. The study concluded that light hair coats exhibited much higher reflectivity than dark hair coats for wavelengths ranging from 300 to 850 nm. Kovarik (1964) suggested that transmission of solar radiation would be stronger in light hair coats than in dark hair coats. The same conclusion was reached by Gebremedhin et al. (1997) . At low wind speed, the effect of solar absorption exceeded the effect of solar radiation penetration into the hair coat, which would cause a greater heat load in dark-colored hair coats (Hutchinson and Brown, 1969) . Jiang et al. (2005) did a simulation study of skin temperature and sensible and latent heat losses through the fur layer and reported that increased relative humidity reduced evaporative heat loss from the skin surface because of the lower water-vapor concentration gradient between the skin surface and ambient air. The reduction in evaporative cooling causes the skin temperature to increase because less sensible heat is converted to latent heat at the skin surface. Despite higher heat gain, from exposure to sunlight, by black hair coats than white, they concluded that evaporative heat loss was not significantly affected by hair color. In fact, the simulation results show that the net heat loss was higher from white hair coats (80.6 W/m 2 ) than from black (57.2 W/m 2 ). The temperature profile through the fur layer of the white hair coat was linear with the peak temperature at the skin surface, but was nonlinear with the peak close to the fur-air interface for the black hair coat.
In another study, Hillman et al. (2005) reported that heifers under sunlight gained more sensible heat than those under shade. The heat gain was profoundly higher for heifers with dark (Black Angus) and dark red (MARC III) hair coats than those with white and tan hair coats. They reported an increase in sensible heat flux under sunlight in the order of 26% for dark-red, 22% for black, 5% for tan, and 4% for white. Maia et al. (2005) studied sensible and latent heat losses from Holstein cows in a tropical environment. They measured latent heat loss by means of a ventilated capsule, while convective heat loss was estimated by the theory of convection from a horizontal cylinder, and radiation heat loss was estimated from longwave radiation exchange based on the Stefan-Boltzmann law. Fifteen Holstein cows in open pasture were involved in the study. Maia et al. (2005) reported that when air temperature was between 10°C and 36°C, sensible heat loss varied from 160 to -30 W/m 2 (negative value means heat gain), while latent heat loss (cutaneous evaporation) increased from 30 to 350 W/m 2 . Heat loss by cutaneous evaporation accounted for 20% to 30% of the total heat loss when air temperature was between 10°C and 20°C. When air temperature was greater than 30°C, cutaneous evaporation became the primary venue for heat loss, accounting for approximately 85% of the total heat loss, while the rest was lost by respiratory evaporation. The investigators developed regression equations for predicting sensible and latent heat losses as a function of ambient air temperature or relative humidity separately. The regression equations would have been more useful if the heat losses were simultaneously regressed as functions of temperature and relative humidity rather than separately. Their study was also limited to a very low air velocity (between 0.080 and 0.094 m/s), which essentially is still air.
EXPERIMENTAL PROCEDURE
The results reported in this article are from seven separate studies conducted at different places and dates, and with different breeds of dairy and feedlot heifers. The studies are coded to facilitate referencing. The numbers in the parentheses are the number of cows used in the experiment. The common theme of all the studies is measurement of sweating rates in stressful environments. Amakiri and Onwuka (1980) 936 [i] n/a n/a n/a n/a 81 Sun 0 B
[a] Estimated values based on extrapolated equations of measured values. [b] Average values of Bunaji and Sokoto Gudali zebu breeds.
[c] Three calves averaged for shoulder and back thoracic regions.
[d] Average of males and females over eight weeks of summer data.
[e] Average values for five regions of the body.
[f] Values after 6 hours of exposure to a heated stall.
[g] Outdoor exposure; similar values for Zebu × Jersey cross.
[h] Average summer season values for both Hariana and Gir, which differed by less than 10%. [i] Average of different breeds of taurus cattle found in Nigeria (N'Dama, German brown, and Friesian).
[j] Methods: A = modified ventilated capsule with an H 2 O gas analyzer (Maia et al., 2005) . B = paper disks impregnated with cobalt chloride (Schleger and Turner, 1965) . D = ventilated capsule with wet and dry bulb sensors (McLean, 1963a) . E = ventilated cup evaporimeter with a capacitance humidity sensor (Gatenby, 1980) . F = capsule with desiccant (Brook and Short, 1960, or Bru et al., 1987) . G = capsule with calcium chloride (Ferguson and Dowling, 1955) . H = capsule with desiccant (Bru et al., 1987) . I = ventilated capsule with sodium bromide (McDowell et al., 1961 
SWEATING RATE MEASUREMENTS
Sweating rate (= evaporation rate because there was no water accumulation on the skin surface) from a sample area on the dorsal surface of a cow in its natural habitat was calculated from the difference in humidity ratio of air from a sample area and ambient air. Humidity ratios of ambient air and air from the sample area were calculated from measurements of relative humidity, air temperature, and volumetric flow rate. These variables were measured using two instruments. A "Portable Calorimeter" was designed and fabricated and used for the first five studies (MS00, HI00, AZ02, NE04, and MS05). This instrument was designed to yield latent heat loss and sensible (convective and radiant) energy exchange values. For the last two studies (HI06 and FL07), a new instrument called the "Bovine Evaporation Meter" was designed and fabricated to measure air properties that allow calculations of sweating rates at higher accuracy than the Portable Calorimeter
PORTABLE CALORIMETER
A Portable Calorimeter that allows measurements of temperature and relative humidity of air passing through a sample area (76 × 102 mm; 3 × 4 in.) on the body of a cow was designed and fabricated (Hillman et al., 2001b) . Sweating rates and sensible heat losses can be calculated from two measured air properties. Surface temperature of the sample area was also measured to calculate longwave radiation. Side and top views of the Portable Calorimeter are shown in figures 1a and 1b, respectively.
An infrared temperature transducer (model MI 40 Thermalert, Raytek, Santa Cruz, Cal.) was mounted in the Calorimeter to measure the surface temperature of the sample area. The Calorimeter was designed to allow longwave radiation exchange between the sample area and the surrounding environment. The top surface of the sample area was covered with a thin, clear plastic film (0.013 mm thick) that allowed 99% passage of longwave radiation and 95% of shortwave radiation. A foam seal prevented air leakage from the bottom window of the Calorimeter where it was pressed against the sample area.
Ambient air was pulled through the sample area by a variable-speed vacuum pump (model 117007-02 and controller model 48063-01, Ametek, Woodstock, N.Y.). The pump moved air up to 100 L/min, which was equivalent to 2.3 m/s of air velocity across the sample area. Airflow was uniformly distributed over the sample area by allowing air to pass through several 3 mm diameter plastic straws placed in parallel at the inlet and outlet positions ( fig. 1 ). An airflow meter (model 730, Sierra Instruments, Monterey, Cal.) that had a range of 0 to 142 L/min was installed to measure airflow, and an absolute pressure sensor (model MPX7100AP, Motorola, Inc., Northbrook, Ill.) was installed to measure atmospheric pressure.
Humidity sensors (model HIH-3605-B-CP, Honeywell Micro switch, Minneapolis, Minn.) was installed at the inlet and outlet points. Two humidity sensors were placed at the inlet side and six at the outlet side. For temperature measurements, two 1000 W thin-film platinum RTD chips (model HEL-775-B-U-1, Honeywell Micro switch, Minneapolis, Minn.) were installed at the inlet, and another two were installed at the outlet side.
During actual measurement, the calorimeter was held tight against a flat area of a cow's dorsal surface to ensure a tight seal between the sample area and the body of the cow.
Measurements were recorded with a 16-channel data acquisition system. Data measured included: airflow rate, voltage signals associated with temperature grid, temperature readings from infrared sensors, atmospheric pressure, and temperature and relative humidity readings. Data were collected at 10 s intervals for 10 min on each cow. The same procedure of data collection was followed in all the different studies. The portable calorimeter was connected to a laptop computer for data monitoring and storage. In the MS00 study, air velocity over the skin sample was set at 0.2 or 0.8 m/s. For the other studies (HI00, AZ02, NE04, and MS05), air velocity was set at 1.0 m/s.
BOVINE EVAPORATION METER (BEM)
For the HI06 and the FL07 studies, the Portable Calorimeter was modified to accurately measure air properties so that evaporation (= sweating) rate could be calculated from the air properties. The BEM allows measurement of air properties from the same size of sample area as that of the Portable Calorimeter (76 × 102 mm; 3 × 4 in.). Air velocity can be varied within the sample area from 1.0 to 1.8 m/s. The use of a transparent film above the sample area (similar to the one used with the Portable Calorimeter) allowed unimpeded exposure of the sample area to solar radiation ( fig. 2) .
Accurate measurements of relative humidity and temperature of ambient air and air from the sample area are necessary in order to get accurate sweating rates. Accurate measurements of temperature and relative humidity of air immediately before the sample area and just after it passed the sample area is difficult because of variation in air temperature and relative humidity across the width of the sample area. This problem was solved by using several sensors and also mixing the exit air before it reached the sensors. To achieve adequate mixing, the exit air was made to pass through a 3.2 m long air hose (12.7 mm diameter), followed by a cylindrical mixing chamber (25.4 mm diameter × 76Ămm long), and finally through the sensor chamber (25.4Ămm diameter × 76 mm long). No moisture was added to or removed from the sample air in route to the sensors, even though the absolute values of air temperature and relative humidity may have changed slightly as the air may have been heated or cooled in route. The BEM is different from the original Portable Calorimeter (Hillman et al., 2001b) because in the Portable Calorimeter, the temperature of air entering and leaving the sample must be known in order to partition the total heat loss into sensible and latent heat components.
In the BEM, the configuration of the temperature and humidity sensors include dedicated relative humidity sensors and temperature sensors for both ambient air coming into the sample area and sample air exiting the sample area. Four humidity sensors (model HIH-3605-B-CP, Honeywell Micro switch, Minneapolis, Minn.) and four analog temperature sensors (model AD22100, Analog Devices, Minneapolis, Minn.) were used to measure the temperature of ambient air. The same number of sensors was also used for the sample air. The average of the four sensors was used as the final value. Temperature sensors were calibrated with copper-constantan thermocouples, a multimeter (model 2001, Keithley Instruments, Inc., Cleveland, Ohio), and a Kaye GE Instruments ice-point thermocouple reference (GE Sensing, Billerica, Mass.) placed in the mixing chambers next to the temperature sensors exposed to a range of different temperatures and airflow. The readings were accurate within 0.1°C of the reference (calibrated mercury in glass thermometer, model SRM 934-FC, 24°C to 38°C, 0.05°C divisions, Ever Ready Thermometer Co., Inc., West Paterson, N.J.). The temperature sensors are subject to airflow, which was accounted for in the calibration because of self-heating of the sensors, which could become significant at low air velocities. Relative humidity sensors were calibrated with an optical dewpoint hygrometer with a ±0.2°C factory calibration (model 660, EG&G, Burlington, Mass.). Volumetric flow rate was measured with a mass flow meter (model 730 Sierra Instruments, Monterey, Cal., accuracy ±1% of 142.5 L/min full scale + 0.5% of reading) placed between the humidity and temperature sensors and the vacuum pump of the sample air. Volumetric flow rate in the sample area was controlled to pre-calibrated set values using a dial-gauged potentiometer. In the FL07 study, six air velocities (0.1, 0.2, 0.4, 0.8, 1.2, and 1.6 m/s) were applied over the sample area.
An earlier version of the BEM was used in the HI06 study. In this procedure, ambient air was not simultaneously sampled with sample air. Instead, ambient air was measured before and after the sample air measurements by blocking the sample area with an airtight seal to prevent moisture from being added to the air stream. Four relative humidity sensors and four temperature sensors, the type used in the FL07 BEM study, were housed in the BEM after the baffle for the purpose of mixing air. Only two air velocities (0.2 and 1.0 m/s) were considered in the HI06 study.
The system (BEM) was also calibrated at the beginning and end of each experimental run by placing a shield over the sample chamber to prevent any moisture migration from the skin into the sample chamber. If there is no air leak, then the actual humidity ratios of the air entering and leaving the sample chamber will be equal during this calibration procedure. The calculated humidity ratios differed slightly due to noise in the system. This offset was zeroed mathematically at the beginning and end of the run. Any drift between the beginning and end calibrations was assumed to be linear. During the experimental run, differences in humidity ratios between sample air and ambient air were determined every 10 s as data were collected.
VAPOMETER
In the HI06 study, in addition to using the BEM, sweating rates were measured using a handheld closed-chamber VapoMeter (Delfin Technologies, Ltd., Kuopio, Finland). The VapoMeter is pressed directly against the animal skin where sweating measurement is desired. The instrument directly measures water evaporation in g/h-m 2 . Because the instrument is a closed-chamber system, the measured sweating rates using this system are at zero air velocity, thus the limitation of the VapoMeter. Measurements were taken at the dorsal areas of the cows.
ENVIRONMENTAL MEASUREMENTS
In the HI06 and FL07 studies, air temperature, relative humidity, wind speed, and solar radiation were continuously recorded with a weather station (model H21-001 weather station and model 3-LIB-M003 pyranometer, Onset Computer Corp., Pocasset, Mass.) system. Solar radiation was measured with a pyranometer (model CM 6B, Kipp and Zonen, Delft, Netherlands) in the MS00, HI00, NE04, MS05, and HI06 studies. Air temperature and relative humidity were recorded with a data logger (model HOBO H8 Pro, Onset Computer Corp., Pocasset, Mass.) in the MS00, HI00, AZ02, MS05, FL07, and HI06 studies. Air temperature, relative humidity, wind speed, and solar radiation were recorded with a weather station (Vantage PRO weather recorder, Davis Instruments, Baltimore, Md.) in the NE04 study.
OTHER MEASUREMENTS
In six of the seven studies (MS00, HI00, AZ02, MS05, HI06, FL07), internal body (rectal) temperature was measured using a rectal temperature probe (GLA M525/550 HiPerformance digital thermometer, Agricultural Products, San Luis Obispo, Cal.). In the NE04 study, a temperature logger (model HOBO Water Temp Pro, Onset Computer Corp., Pocasset, Mass.) encased in a specially constructed soft plastic anchor (Hillman et al., 2003) was inserted into the vagina to record temperatures representing body temperatures every 10 min. This logger was also used in the AZ02 study in two cows in addition to measuring rectal temperature using the rectal probe. Skin surface temperature was measured using a handheld IR thermometer (model 9JM08, Raytek, Santa Cruz, Cal.) in the MS00, HI00, and AZ02 studies, and a handheld IR thermometer (model Raynger ST, Raytek, Santa Cruz, Cal.) in the MS05, HI06, and FL07 studies.
In the MS00 and HI00 studies, the skin and hair coat were wetted with water to saturation (the cows were soaked to the skin, and water was running off their bodies) using a lowpressure nozzle over a period of 1.5 min to determine evaporative cooling, discussed later. in sweating rates, rectal temperatures, dorsal skin-hair coat temperatures in the sample area, and environmental variables for heat-stressed cows and heifers exposed to solar radiation. Tabulated values are mean ± SD. [a] Beef heifers restrained in a squeeze chute (all dairy cows enclosed in a fenced stall or a tie stall). [b] Multiple studies = HI06, MS05, AZ02, HI00.
RESULTS AND DISCUSSIONS
The data from the seven studies were pooled to determine breed differences in sweating rate and body (rectal) temperature. The data considered in the analyses have the following common characteristics: the cows were exposed to solar radiation greater than 500 W/m 2 (average 833 ±132 (n = 177) W/m 2 ), average temperature-humidity index (THI; Thom, 1959) was 82.7 ±1.64 (150) for all studies except for the NE04 data where the THI was 77.4 ±4.27 (27), air velocity in the sample area was between 0.8 and 1.2 m/s, and body (rectal) temperature was greater than 38.8°C (threshold for heat stress). Establishing these common characteristics allowed us to analyze a large pool of data. The equation used to calculate THI is expressed as (Thom, 1959) : THI = t db + 0.36t dp + 41.2 where t db = daily average dry bulb temperature (°C) t dp = daily average dewpoint temperature (°C). The calculated sweating rates and measured body (rectal) temperatures are given in table 2. The range of sweating rates was between 189 ±84.6 and 522 ±127.7 g/m 2 -h, and that of body (rectal) temperature was between 39.3 ±0.53°C and 41.7 ±0.19°C.
A statistical t-test was performed to check significance between paired breeds. The matrix (table 3) shows the P-values for sweating rate identifying statistical significance or not between breed pairs. Significance is tested at P < 0.05. Interesting breed comparisons can be made from the data given in table 2 and the paired statistics given in table 3. For example, in spite of higher body temperature, Brooksville Black Angus and Kansas Black Angus showed lower sweating rates (226Ă±81.4 and 210 ±203.1 g/m 2 -h, respectively) compared to the Nebraska Black Angus (522 ±127.7 g/m 2 -h) or Florida White Angus (415 ±88.0 g/m 2 -h). It is likely that the Brooksville and Kansas Black Angus could not maintain high sweating rates at increasing body temperature.
The data (table 3) also show that Jersey cows sweat less (189 ±84.6 g/m 2 -h) than the black (414 ±158.7 g/m 2 -h) or white (281 ±119.4 g/m 2 -h) Holsteins. Jersey cows are considered to be more heat tolerant than Holstein cows. The difference in sweating rates between the black and white Holsteins is attributed to the higher solar absorption characteristics of the black hair coat. When the sweating rate of the white Holstein (281 ±119.4 g/m 2 -h) is compared to that of the Charolais (271 ±36.4 g/m 2 -h), which also has a white hair coat, the difference is not statistically significant. This means that between these two breeds, sweating rate is defined by hair-coat color rather than by breed difference. This argument does not, however, seem to hold when the sweating rate of the Charolais (271 ±36.4 g/m 2 -h) was compared to that of the White Angus (415 ±88.0 g/m 2 -h), even though their body temperatures were almost the same. The difference in sweating rate, in this case, is likely defined by breed difference.
The difference in sweating rates of the Black Angus (522Ă±127.7 g/m 2 -h), MARC I (460 ±172.8 g/m 2 -h), and MARC III (440 ±54.3 g/m 2 -h), all from the NE04 study, are not statistically significant, and their body temperatures are almost the same. But when the sweating rates of these three breeds are compared to the fourth NE04 breed, Charolais (271 ±36.4 g/m 2 -h), the difference is statistically significant. Here again, the effect of hair-coat color comes into effect because the color of the first three breeds is black, tan, and dark red, respectively, and that of the Charolais is white. The same was true between black (414 ±158.7 g/m 2 -h) and white (281Ă±119.4 g/m 2 -h) Holstein cows, where the effect of haircoat color was evident. The relationship between solar load and evaporation rate for the black and white hair coats is shown in figure 3 , and the relationship between hair-coat temperature and evaporation rate is given in figure 4 .
The heifers in the FL07 study were used to determine the effect of air velocity on sweating rate. The heifers were pregnant replacement Angus of three genetic strains and came from different climate origins. The three strains were: (1) Brooksville Black, the genetic strain of Black Angus from Florida; (2) Kansas Black, the genetic strain of Black Angus from northern climates; and (3) White Angus. The cows were exposed to direct solar radiation ranging from 120 to 1,100ĂW/m 2 and a THI of 82.5. The study was conducted out on a pasture.
The sweating rate from the skin of the White Angus increased linearly (R 2 = 0.71) within the experimental range of air velocity (0.1 to 1.6 m/s) considered. The increase in sweating rate was 200 g/m 2 -h per 1 m/s increase in air velocity ( fig. 5) . Although the sweating rates from the two Black Angus were generally similar, the rate from the Brooksville Black Angus increased linearly (R 2 = 0.49) with increase in air velocity, but the rate from the Kansas Black Angus was more erratic (R 2 = 0.02) than that of the Brooksville strain, suggesting that the Kansas strain could not maintain a steady rate of sweating under similar heat stress conditions.
The dorsal hair coat temperature of the Angus with black hair coat increased 1.2°C per 100 W/m 2 increase in solar load, while that of White Angus increased about 0.1°C per 100 W/m 2 increase in solar load ( fig. 6) . The relationship was linear (R 2 = 0.80 for black and 0.62 for white hair coat). [a] 68 ±8 (3) 508 ±114 (3) 0.003
Airflow 0.9 to 1.0 m/s, no solar load [a] 296 ±151 (3) 961 ±252 (4) 0.010
Airflow 0.9 to 1.0 m/s, solar load >600 W/m 2 [b] 258 ±60 (10) 490 ±128 (12) 0.000
[a] MS00.
[b] HI00. Body (rectal) temperature is perhaps the most reliable indicator of thermal heat stress because it drives other heat stress alleviating mechanisms. The statistical matrix that compares (at P < 0.05) body temperature between paired breeds is given in table 4. Several interesting comparisons could also be drawn from table 4. For example, the difference in body temperature between the Kansas Black Angus and any of the other breeds is statistically significant, but not when compared between the four NE04 breeds or between the White Angus (FL07) and Charolais (NE04), which also has a white hair coat. There was no statistical difference in body temperature between the Holsteins (black or white) and the heat-tolerant Jersey (MS05). However, Jersey cows sweat less (189 ±84.6 g/m 2 -h) than the Holstein black (414 ±158.7 g/m 2 -h) or white (281 ±119.4 g/m 2 -h).
If body temperatures between Holsteins and beef heifers are compared, table 4 shows that the difference is not statistically significant between the Holsteins and the NE 04 breeds, with the exception of the Black Angus, but was statistically significant between the Holsteins and the FL07 breeds, with the exception of the White Angus. The White Angus had a 0.8°C to 1.7°C lower body temperature than the Black Angus. Kansas Black, the genetic strain of Black Angus from northern climates, had a 0.9°C higher body temperature than Brooksville Black, the genetic strain from Florida.
EFFECT OF SKIN WETTING ON EVAPORATION RATE
Evaporation from the skin surface is the most critical and dominant mode of cooling for heat-stressed cows. To enhance evaporation, water is sprayed on the animals when heat stressed. The MS00 and HI00 studies included wetting the skin surface and hair coat of the Holstein cows to saturation (dripping wet) to determine the level of cooling when wetted. Table 5 shows the results. In both studies, the increase in evaporation rate was statistically significant (P < 0.05) when the animals were in shade or exposed to sunlight (no shade). In the MS00 study, the rate of evaporation increased from 68Ăg/m 2 -h before wetting to 508 g/m 2 -h after wetting the skin surface under no solar load and at air velocity of 0.2 m/s. When the air velocity was increased to 0.9 to 1.0 m/s, evaporation rate increased from 296 g/m 2 -h before wetting to 961Ăg/m 2 -h after wetting, clearly showing that simultaneous wetting and exposure to higher air velocity is needed to increase evaporation rate. In this process, more sensible heat is converted to latent heat, and as a result, the animal will be cooled, thus alleviating heat stress.
In the HI00 study, the rate of evaporation increased from 258 g/m 2 -h before wetting to 490 g/m 2 -h after wetting at an air velocity of 0.9 to 1.0 m/s and a solar load >600 W/m 2 . The difference in the results between the MS00 and HI00 studies was because of the difference in relative humidity. The environment was hot and dry in MS00, but was hot and humid in HI00. When relative humidity is high, the fur layer close to the skin surface has a higher concentration of moisture (because of lower air velocity) than that of the hair coat farther away from the skin surface where air velocity is higher, thus reducing the moisture gradient between the skin surface and the fur layer and consequently reducing the efficacy of evaporative cooling. The hair coat, which is necessary to trap air to provide insulation for heat loss during cold weather, becomes an obstruction for evaporative cooling by reducing the velocity gradient through the fur layer during hot and humid conditions. The relationship between relative humidity and evaporation rate is shown in figure 7 .
CONCLUSIONS
The following conclusions can be drawn from this study: A Portable Calorimeter and a Bovine Evaporation Meter that (1) allow measurements of temperature and relative humidity of air passing through a sample area on the body of a cow or heifer, (2) account for longwave and shortwave radiation, and (3) account for changes in air velocity (up to 2.0Ăm/s) through the sample area were designed and fabricated, and used in this study.
Differences in sweating rates were statistically significant (P < 0.05) (1) between breeds, (2) between black and white hair coats, and (3) with changes in solar load, relative humidity, and air velocity. Sweating rate ranged between 189 ±84.6 and 522 ±127.7 g/m 2 -h for solar load exposure >500 W/m 2 (average 833 ±132 W/m 2 ), average THI of 82.7 ±1.64, air velocity between 0.8 and 1.2 m/s, and body (rectal) temperature >38.8°C (threshold for heat stress).
There is an inverse relationship between relative humidity and evaporation rate from the skin surface because, when relative humidity is high, the fur layer close to the skin surface has a higher concentration of moisture (because of lower air velocity) than that of the hair coat farther away from the skin surface where air velocity is higher, thus reducing the moisture gradient between the skin surface and the fur layer and consequently reducing the efficacy of evaporative cooling. The hair coat, therefore, becomes an obstruction to evaporation rate from the skin surface.
In a hot and dry environment (MS00), evaporative cooling was profoundly increased (from 68 g/m 2 -h before wetting to 508 g/m 2 -h after wetting the skin surface, exposed to 0.2 m/s air velocity, and without solar load), and the rate was further increased (from 296 g/m 2 -h before wetting to 961 g/m 2 -h after wetting) when air velocity over the wetted skin surface was increased to 0.9 to 1.0 m/s. In a hot and humid environment (HI00), the increase was relatively modest (from 258Ăg/m 2 -h before wetting to 490 g/m 2 -h after wetting) for an air velocity of 0.9 to 1.0 m/s and a solar load >600 W/m 2 .
